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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE No. 108l

THE EFFECT OF SIMULATED ICING ON PROPELLER PERFORMANCE
By Blake W. Corson, Jr. and Julian D. Maynard

SUMMARY

Tests of a l10-foot-dlameter three-blade
gurtiss 89301-15 propeller with Clark Y blade sectlons
have been conducted in the Langley l6=foot high-speed
tunnel in order to determine the sffect of simulated
ice on the serodynamic chardcteristics of the propel-
ler. An irregular coat of cement and fabric was used
on the blades to simulaste 1n outline and thickness a
formation of glaze ice that mlght be formed in flight.
The propellsrs were tested on a new 2000-horsepower
dynemometer, a brief descrivntion of which 1s included.
All tests were made at a rotational speed of 1800 rpm
for blade. angles of 20°, 25°9, 30°, %50, and L0° at the
Lil2a-inch radius and st airspeeds varying from 120 '
to 120 miles per hour. The results are representative
of full-sgale constant-speed propeller operation.

The simulated icing condition caused & decrease in
peek efficiency of 2.5 to 3.0 percent; thls decrease was
8 result of a loss of blade section 1ll1ft and increase
of blade section drag.

The chearacteristics of a propeller similar to the
one teated vere calculated from alrfoll data obtained
on a wing with and without simulsted ice. The calcula-
tions indicate a probable loss of pesk efflcliency of
5.0 percent, which 1s in falr agreement with the test
results. Inasmuch &8s operation of the entire airplane
is affected adversely by ice formation, the sirplane
when iced may be forced to attempt to ¢limb at relatively
low speed and at a high value of thrust coefflcient,
For this conditlon the calculations indicate that the
vropeller efflclency may be about 15 percent less than
for en un-lced propeller.
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TNTRODUCTION

Tce accumitlation on aircraft nroocllers has received
considerable attention In recent years as evidencec by
the numerous. anti-icing devices ﬂeveloped commerciallj.
Preventlon of 1ice deposits on propellsr blades in flight
is beliceved to be desirable for two reasons: first, to
avold unbalsnce of ths pronsller due to the uneven
distribution of the lce and, second, fto vrevent a loss
of asrodynamlic efficisncy. Previous tests on a wing
reference 1) indicate an lncreasa:in sectlon drag end a
decrease in section lift of an airfoll vith a simulated
ice formation; consequently, the least aerod;namic effsct
that may be ezpsctad frow lce formation on a nrojeller
is 8 loss of efficlency dus ko the dacreessed 1liff-drag
ratio of ths blade Bsctions.

The purpose in waldng the present tests was to
determine the effect of the simulated ice on the aerody-
namic charscteristics of the propsller throughout =
rangs . of advancoe rotlo representative of full-scale
constant-spaeed oropeller operation, . The tgsts werc
made in the Langley 15-feszt nigh-~spesd tunnel. Photo-
graphs of iced propeller blades have bsen made during
tlight teste to determine tynsical ice formations. The
irreauler coat of cement and febric used on ths sropeller
tosted. 18 bellavsd to simulate a freguosntly observed and
nrobably mild formstion of gl=zze icg, A more sevaere 1lcs
formation is gulte possible, inasmuch as pilots have
revorted experisnces in vhich the use of Full rsated
Jower oi the englnes would not mzintain levsl flight,
altkough. tho wings and empennags . of ‘The sirolene weres
rclatively fre& of les.

SY.IBALS
M alr-strezm XMsch number
v . &lrsnecd, feet pour second -
Va wind-tunnel <atum velocity, fect per sccond
n propeller rotatlonal spced, rps

D oroneller Aiamster, fazt

W
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propeller advance ratio (V/nD)

nominal propeller sdvance ratio based on tunnel
datum veloclty

mass density of air, slugs per cublic foot

power absorbed by the propellsr, foobt-pounds pser
second

propeller thrust, pounds
thrust coefficlent (T/en2ph)
power coefficlent (é/pn5D5)

/e N\

propeller efficiency (%?%)
P

Glauvert's velocity correction for wind-tunnel wall
interference (V = uvg; J = pdg)

frection of tip radius (r/F)

radius to tip, feet

radius to & statlion, fest

blade angle, degrees

blade section maximum thickness, feet
blade chord, fset

angle of attack, degreess

APPARATUS

NACA 2000-Horsepower Propeller Dynamometer

The 2000-horsepower propeller dynamometer used in

testing the propellers 1s & new machine still in the
development stage. Photographs of the dynamometer in
the configuration used for the dresent tests are shown
in figures 1 and 2. The dynamometer is powered by itwo
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1000~«horsepower electric motors- arranged 1n tandem.

The rated speed 1s 2100 rpm with & permissible overspeed
of 2280 rpm. An sccurately controllable variable~-
frequency pover supply provides independent speed con-
trol for sach wotor with rotation in either direction.
For dual rotation esch motor drives one propeller cf the
dual unit, and the characteristics of each propeller may
be determined Independently of the other. For single
rotation the motors can be coupled and the power of both
motors can be expended through the single propeller.

The dynsmometer conasists of a heavy steel housing
and a support strut, which enclose the motors, thrust
capsules, and auxlliary equioment. The supgort strut
i1s bolted rigidly to the floor of the wind tunnel and
streamline tension struts extending from the tunnel
walls on each slde support the dynsmometer laterally.

The motors sre supvorted in the housling in such 8
wey that thelr casings are free to rotate and also free
to move axially with their shafts., Torque is measured
by a pneumatlc pressure capsuls actusted by a torque
arm fastened to the casing of each motor. Thrust, or
tension in the vropeller shaft, is measured by a pneu-
matic pressure capsule, of which thg plston i1s mounted
through ball thrust bearings to the shaft and the
cylinder is mounted to the housing. Both thrust and
torque pressurs capsules are actusted nneumatically and
thelr overation is similar in prinelple to that of the
meters described in reference 2. Thrust oressure is
indicated es thrust force by means of a Tate-Emery load
Indlcator, end torgque pressure &8 Lorque by means of
ligquid manometers. The dynamometer 1s calibrated with
the proneller shaft rotating by applylng known thrusts
and torques and noting the corresponding readlngs on
the thrust scales and torque manometers. Hoth measure-
ments gave straight-line calibrations. -

The dynamometer housing is covered by a streamline
falring 31i inches long, including the spinners, and
%36 inches in diameter at the largest section. Both
propeller splnners are 26 inches in diasmeter and are
cylindrical. The nose spinner approximates a Rankine
ovoid. The shape of the spimners and forebody is such
as to produce as nearly as possible uniform axial flow
at the free-stream velocity in the plane of the rear
propsller. The dynamometer fairing was provided with
flush orifices by which the static¢c~pressurs dlstrlibu-
tion over the fairing couwld bs measured. Pressure
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orifices were also located along a radius in the spinner
juncture betwveen the fairing snd tle rear sninner.

4 strut conteining a rake of total- and statioc-
argssure tubes was mounted from the csiling of the wind
tunnel in the wropeller plane but outside the slin-
stresm. Measurements with this rake afforded & check
on the correction of the tunnel datum velocity to ths
sguivalent free slrspesd.

Pronellers

All tests were made with three-blads duralumin
Jurtiss ©9301-15 nropellers, which were 10 fseet in
diamster. Two ssts of three blades, nominally idsntical
sxcept for the lcing condition, werz used. The blades
of one set wers in a normally clesn and serviceable con-
dition (fig. 3) and the blades of the other sst were
nlastered with sn irrezular coat of cowent and burlan
that simul:zted in outline and thicinsss a deposit of
glaze ice that might be formed on the blades in flight
(fig. M). Figure 5 is a skstch showling princisle
dlminsions of the ice build-up on ths blades. The breaXk
in the dsdosit along the leading edge of the blades
near the shenk simuletes a section of icse release. The
blades bore the following i1dentification:

Inst. 3-25-4l;
Drawing : £§9301-15
Angle-at-l2

Serial number CcF2J,. 728
Serisl number CFEJ%TG? (Clzan blades)-
Serial numbsr . . 68467

Serial number CEF2JL793
Sericl numbsr CF2¥5165 (simulated icing)
Serial number 61655

The princival physical dimensions of the
surtiss 393%01-15 dssign blades ere given in figure 6.
Thls design uses »ropeller Clzr% Y sections and has
an activity fastor of 96.0 »nsr blade.
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TESTS

Tests were made at blade angles of 20°, 25°, 30°,
35°, and Jj0° at the L2-inch radius (0.70R) with the
nropeller mounted on the rear spinner of the dynamom-
eter. Blade angles at the L 5-inch radius (0.75R) are
less by 1.,°. The first tests were made with ths set
of cldan blades, and a comparison was then obtalned’
from tests of the blades with the simulsted icing. In
order to make the compsrison conclusive, the simulated-
lce devposit was removed, the blades weres thoroughly
cleaned, and the tests were repesated.

A rotational sveed of 1800 rpm was used for all
tests to shorten and simnilfy the work. A range of
advence ratio J was covered for each blade angle by
changing the tunnel alrspesd which wss varied from about
120 to 420 miles per hour. At the higher blade angles,
low valuees of advance ratloc could not be obteined because
of excessive power absorption at the rotational speeds
8t which the tests were run. 4 wider range of advance
ratio would have been possible had additional tests
been made at lower rotational speeds. Such tests were
not run for two ressons: first, & mechanical difficulty,
which could be eliminsted by a redesign of dynamometer
bearings, made 1t necessary to operate at moderately
high spesed; and second, the resultant tlp speed obtained
by testing at 1800 rpwm simulated actual flight condi-
tions, and the variation of air-stream ¥ach number with
advance ratio was representative of full-scale constant-
speed ovropeller ovperation.

REDUGCTION OF DATA

The test results corrected for tunnel-wall inter-
ference and spluner force are presented in the form of
the usual thrust and nower coefficients amd propecllsr
efficlency.

Definitlion of propellsr thrust.~ ?roveller thrust,
a8 uged herein, 1s definsd as the increase in shaft
tension caused by the spinner~to-tis portion of the
blades rotating in the air strsam. Thrust forces on
the spinners due to the surrounding pressure fleld have
been deducted from the thrust scale resdings to deter-~
mine propeller thrust. The splnner forces were found
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by measuring thrust on the sglnners. operating without
propeller blades gt the same values of rotational speed
and alrspeed as were usged in the tests with the propel-
lers., A further correction was made for the fietitious
thrust due to the influence of the pressure field of

the propeller acting st the juncture between the splnner
and the fairing. Propeller thrust then is

where _

Ty thrust of the propeller and spipners indicated
by the sceles when the propeller 1s cperating

‘I's thrust on the spinners (without propeller blades)
at the rotational speed and airspeed at which
T4 is measured

ATg change in spinner thrust due to a change in

pressure at the spinner-fairing Jjuncture

The change 1n spinner thrust ATg; varied with propeller

operating conditions and was determined from pressure
measurements in the juncture between the rear spinner
and the falring at the rear of the propeller. Values of
thrust coefficlent were changed by no more than 0.002 by
this correction to the spinner thrust. The thrust on
the spinner without propeller blades T, varied with

tunnel &irspeed and was measured by the thrust scales
whlle the spinner was rotating gt the chosen test spesd
of 1800 rpm. The value of Tg Varied frowm -7 pounds

at zero dynamic pressure to %7 pounds at a dynamlc pres-
sure of 500 pounds per sqguare foot.

Jorrection for wind-tunnel wall interference.- When
& propeller overates In sn alr stream constreined by wind-
tunnel walls, the velocity indicated by the wind-tunnel
calibrated orifices 1s greater than the veloclty in free
air at which the propeller would produce the same thrust
and torque with the same rotationel speed as that used
in the wind tunnel. Glauert (reference 3) has made an
analysis in which he shows the veloclty correction to
be a function of the ratio of vropeller thrust to
dynamic pressure, or the ratio of thrust ecoefficient to
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nominal advance ratlo, A plot of Glauert'!'s veloclty
correctlion for a 10-foot-diameter propeller operating
in a l6-foot-diametsr closed-jet tunnel is shown in
figure 7. To¥F Mozt of the data the correctlion amounted
to less than 2 »nercent. .

During the tests the equlvalent free alrspeed was
determined experimentally for & number of test points
by measurements with the survey rake in the plane of
the propeller sutaide the sllpstream. The sccurecy of
the experimental method has been confirmed by a serles
of tests described in reference l;. The experimentally
determined equivalent free airspeed in the present tests
agreed well wlth the valuss calculated from Glauert's
equation; hence only the theoretiéal correction has been
used for all of the dsta. S

Presentation of data.- The data are presented as
plots showing the variatlons of thrust and power coeffil-
clents with advance ratio for the normally clean pro-
peller in figures 8 and 9 snd for the proneller with
similated icing in figures 10 and.l1ll. The variation of
test sir-stream Masch number with advance ratio 1a s&lso
gshown in these figures.

Accuracy.- The results obtalned from several tests
of the blades after the simulated lce was removed agreed
with those obtained from tests of the originel clean
blades wlthin 1 percent. The comparative data, there-
fore, are presented as accurate to within 1 percent.

RESULTS AND DISCUSSION

Effect of lcing.~ The effect of the icing condltion
on propeller thrust js shown in figure 12, which is =
composite of the faired wvalues of thrust coefficlents
for the two sets of blades tested. The simulated ice
socumulation caused a loss of thrust for all blade
angles throughout the J range of the tests. TFlgure 13
isz & compoasite of the faired values of power coefflcients
for the two sets of blades, and figure Il shows the cor-
responding values of efficliency plotted against advance
ratio. A comparison of the senvelope efficlency curves
shown in figurs 15 indicates that the simulated lce on
the three-blade Curtiss 59301-15 propellsr caused a
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decrease in peak efficlency of 2.5 to 3.0 percent over
the range of advance ratio of the tests. This decrease
in efficlency is a result of the lass of blade section
1lift and the Increase of blade sectlion drag as shown by
the J values &t zero thrust and power.

Constant-power nropeller operation.- Inasmuch &s an
airpleane often operates over a large range of advance
ratio at constant rotational speed and torque (constant-
power coefficlent at constant air density), the data
were analyzed at two representative wvalues of constant-
nower coefficlent. The results of thls analysis, pre-
sented in figure 16, indicate that the efficiency loss
due to a mild icing condition is relatlively small except
under unrspresentative ovnerating conditions in which the
propeller 1s very lightly loaded (as in & shallow dive).

APPLICATION OF ICED-WING AIRFOIL CHARACTERISTICS
TO PRCPELLER AWALYSIS

The purpose 1ln making this propeller anslysis based
on ailrfoll data was twofold: first, to find out whether
the calculated decrsase in propeller efficiency weas of
the same magnitude gs that found experimentally and,
second, to obtaln an indication of the effect of prema-
ture stelling of the iced blades. The slmplified method
used for calculating propeller gharacteristics from sir-
foll data is that given by Lock in reference 5. The
alrfoll data used were those obtained from full-scale-
tunnel tests of an NACA 0012 airfoil of aspect ratio 6
with and without a simulated ice deposit (reference 1).
These airfoil data reduced to infinite aspect ratio for
use with Lock's method are presented 1n figure 17. The
propeller characteristics calculated by the simplified
method with alrfoll data are not presented for use &s
propeller data but merely to show the changes that =may
be expected when propeller blades become fouled by a
mild lce deposit.

In spplying the sirfoil data to the propeller
analysils, a taclt assumption was made thet the pro-
veller blades were lced uniformiy from hub to tip in
& manner similar to the lcing on the wing. In the pro-
peller tests, the blades were not uniformly iced but a
large portion of the tips was left clean. Because the
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icing simulated on the wing was composed of small rough
mounds, it was probably more detrimental to the sectlon
11ft and drag than were the continuocus glazed patches
cemented to the propeller blades. TFor both of these
reasons the calculations would be expected Lo show a
greater loss than the propeller tests. Although the
general eagreement was good, the calculations did
actually show a greater loss than dld the tests.

The calculated propeller characteristics for a
blade engle of 30° are presented in figure 18 for both
the normally clean eand the iced conditlon. The values
of thrust coefficlent indicate a probable serious loss
of thrust at the lower values of advance ratio when the
blades become iced. In order to malntain flight at the
maximum thrust coefficlent with the blades not stalled,
the iced propeller must be operated at a value of advance
ratio at least 0.3 greater than is required for the clean
propeller. TIf & propeller has been selected to operate
normally under rather high load for & given flight condl-
tion, 1t might easily be forced to operate partly stalled
for the ssme condition if it should become fouled wlth
ice. This argument might apply especlally when lce
formation, by increasing the weight of an airplane and
decreasing 1ts aerodynamic efficiency, forces the air-
plane to attempt to climb at relatively low speed. For
example, a propeller aperating normally at a value of
advance ratioc of 0.55 and a thrust coefficient of 0.156
would lose about 15 percent efficiency when lced.

The results of further computatlons of only pesk
efficlency for a serles of different blade angles over
8 wlde range of advance ratio are presented in figure 19.
These comnutations indicate a loss of approximately
5 percent in veak efficlency for tiie iced propeller over
the range of advance ratio consldered.

CONCLUSIONS

Hi gh-speed wind-tunnel tests of a full-scaele three-
blade Curtiss 89301-15 propneller with and without a
deposit of siwmulated ice on the blades led to the fol-
lowing conclusions:

1. The simulated icing conditlon caused a decrease
in peak efflciency of 2.5 to g.o percent over & range '
of advance ratio of 0.7 to 1.08. '
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2. Computations of propeller performance based on
eirfoil data for an ilcing condition comparable with that
of the propeller tested indicated peak efficlency losases
of about the same magnitude &s the measured losses.

%3, The calculations also indicated that a propeller
chosen for high crulsing efficlency but for operation
at large values of thrust cosfflclent in climb might
become stalled in c¢limb as a result of icing, with =
possible attendant loss of efficiency of sbout 15 per-
cent.

Langley Memorial Aeronautical Laborsatory
National Advisory Committee for Aeronautics
Lengley Fleld, Va., April 2, 1946
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Figure 2.~ Propeller dynamometer in test gection.
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Figure 3.- Curtiss 89301-15 propeller blades without
simulated icing.
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(a) Thrust face (lower surfacel.

Figure 4.- Simulated icing on Curtiss 89301-15 propeller
blades.
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